Recently, two novel species of Anaplasmataceae were detected in the Australian paralysis tick, Ixodes holocyclus, by 16S rRNA gene metabarcoding. Analysis of these sequences suggested that these novel organisms are closely related to the genus 'Candidatus Neoehrlichia'. In this study, phylogenetic analysis of 16S rRNA (1264 bp), groESL (1047 bp) and gltA (561 bp) gene sequences, and concatenated (2872 bp) sequences, all concur that these novel species belong in the genus 'Candidatus Neoehrlichia' and are most closely related to, but distinct from the only other recognised members of this genus, 'Candidatus Neoehrlichia mikurensis' and 'Candidatus Neoehrlichia lotoris'. Based on their unique molecular signature, we propose to designate these species 'Candidatus Neoehrlichia australis' (reference strain HT41 R ) and 'Candidatus Neoehrlichia arcana' (reference strain HT94 R ). Identical 'Candidatus Neoehrlichia australis' 16S rRNA, groESL and gltA sequences were detected in 34/391 (8.7 %) individual Ixodes holocyclus ticks, and sequences were most similar to 'Candidatus Neoehrlichia lotoris' (96.2 %, 83.1 % and 67.2 %, respectively) and 'Candidatus Neoehrlichia mikurensis' (96.2 %, 84 % and 68.4 % respectively). Likewise, identical 'Candidatus Neoehrlichia arcana' 16S rRNA, groESL and gltA sequences were detected in 12/391 (3.1 %) Ixodes holocyclus ticks, and sequences were most similar to 'Candidatus Neoehrlichia lotoris ' (98.5 %, 88.7 % and 79.3 %, respectively) and 'Candidatus Neoehrlichia mikurensis ' (96.3 %, 84 % and 67.4 % respectively). These new species are the first Anaplasmataceae (except Wolbachia spp.) to be found to be endemic to Australia. The pathogenic consequences of these organisms are yet to be determined.
Introduction
Members of the family Anaplasmataceae are obligate intracellular alphaproteobacteria that can have parasitic or symbiotic relationships with their eukaryotic hosts. The Anaplasmataceae currently consists of five established genera; Aegyptianella, Anaplasma, Ehrlichia, Neorickettsia and Wolbachia (Dumler et al., 2001) , as well as two recently described genera with Candidatus status; 'Candidatus Xenohaliotis' (Friedman et al., 2000) , and 'Candidatus Neoehrlichia' (Kawahara et al., 2004; Yabsley et al., 2008b) . All species within the genera Anaplasma, Ehrlichia and 'Candidatus Neoehrlichia' are tick-borne mammalian blood parasites, and include numerous animal pathogens and several emerging human pathogens, such as Anaplasma phagocytophilum, Ehrlichia chaffeensis, and 'Candidatus Neoehrlichia mikurensis' (Dumler & Bakken, 1995; Silaghi et al., 2016) .
'Candidatus Neoehrlichia' is a sister genus to Anaplasma and Ehrlichia, and currently contains two species, 'Candidatus N. mikurensis' and 'Candidatus N. lotoris' (Kawahara et al., 2004; Yabsley et al., 2008b) . As members of these genera are notoriously difficult to culture, these novel species were detected and differentiated based on the sequences of the conserved 16S rRNA (16S), citrate synthase (gltA) and groESL genes (Kawahara et al., 2004; Yabsley et al., 2008b) . Ultrastructural analysis of these species infecting host cells in vivo and in vitro was also consistent with other Anaplasmataceae species (Kawahara et al., 2004; Munderloh et al., 2007) .
'Candidatus Neoehrlichia mikurensis' in an emerging tickborne zoonosis in Africa, Asia and Europe, and has a variety of non-specific clinical manifestations in humans including fever, headache and myalgia (von Loewenich et al., 2010; Li et al., 2012; Kamani et al., 2013) . Rodents (Rattus norvegicus, Myodes spp. and Apodemus spp.) and other small mammals such as hedgehogs (Erinaceidae roumanicus) are the predominant natural hosts of 'Candidatus N. mikurensis', and the bacterium has also been identified in numerous species of tick, with Ixodes ricinus, Ixodes persulcatus and Ixodes ovatus being the main vectors in Europe and Asia (Silaghi et al., 2016) .
Conversely, 'Candidatus N. lotoris' is only found in the North American racoon (Procyon lotor) and its associated tick species (Dugan et al., 2005; Munderloh et al., 2007; Yabsley et al., 2008a) . It has not been detected in humans or any other vertebrate species in the wild, and laboratory rodents and rabbits are refractory to infection (Yabsley et al., 2008a) . 'Candidatus Neoehrlichia lotoris' has been successfully cultured in the Ixodes scapularis ISE6 cell line (Munderloh et al., 2007) , and although not empirically determined, several species of Ixodes tick endemic to southwest USA, including I. scapularis, are suspected vectors (Munderloh et al., 2007; Yabsley et al., 2008a) .
Recently, 16S rRNA sequences similar to those from species of 'Candidatus Neoehrlichia' spp. were detected in the Australian paralysis tick, Ixodes holocyclus (Gofton et al., 2015a, b) . Analysis of partial 16S rRNA gene sequences suggested that I. holocyclus harbours two distinctive putative species that are closely related to, but distinct from 'Candidatus N. mikurensis' and 'Candidatus N. lotoris' (Gofton et al., 2015b) . These organisms were previously tentatively designated 'Candidatus Neoehrlichia sp. nov. A' and 'Candidatus Neoehrlichia sp. nov. B', and were present in 9 % and 4 %, respectively, of the I. holocyclus ticks studied (Gofton et al., 2015b) . To date, neither the potential vertebrate hosts nor the potential pathogenic significance of these organisms to wildlife and humans has been investigated. In the current study, we analysed 16S rRNA, groESL and gltA partial gene sequences from putative 'Candidatus Neoehrlichia sp. nov. A' and 'Candidatus Neoehrlichia sp. nov. B' and propose to designate these species 'Candidatus Neoehrlichia australis' and 'Candidatus Neoehrlichia arcana', respectively. 
Ethics statement

Tick collection
A total of 391 I. holocyclus (218 females, 107 males and 66 nymphs) ticks were collected from human (n=266) and animal (n=33) hosts, as well as from the environment (n=92) from coastal areas of New South Wales and Queensland, Australia. Questing ticks were collected from the environment by flagging vegetation and leaf litter. Ticks were placed in 70 % ethanol immediately after removal from hosts or collection from the environment and stored at 4 C until molecular analysis. Ticks were morphologically identified into species, instar and sex using standard keys (Roberts, 1970; Barker & Walker, 2014) .
DNA isolation and PCR
Total genomic DNA was extracted from individual ticks using the DNeasy Blood and Tissue Kit (QIAGEN) by following the manufacturer's recommendations. Before DNA extraction, the external surface of the ticks was decontaminated in 10 % hypochlorite solution, washed in 70 % ethanol, rinsed in PBS and then air-dried. DNA samples from all ticks were tested for species of 'Candidatus Neoehrlichia' using a highly sensitive 'Candidatus Neoehrlichia' genusspecific qPCR assay, as previously described (Maurer et al., 2013) . Partial 'Candidatus Neoehrlichia' 16S rRNA (1264 bp), groESL (1047 bp) and gltA (561 bp) gene sequences were amplified by nested PCR from positive tick DNA samples using the primary primers EC9/EC12, HS1/HS6a and F4b/R1b, respectively, and the nested primers A17a/IS58-1345r, groESLfwd3/groESLrev2, and EHR-CS136F/EHR-CS778R, respectively (Anderson et al., 1991; Paddock et al., 1997; Liz et al., 2000; Inokuma et al., 2001; Kawahara et al., 2004) (Tables S1 & S2 , available in the online Supplementary Material). Amplification of 16S rRNA, groESL and gltA partial gene sequences was performed in 25 µl reactions containing 1xPCR buffer (5 Prime), 2.5 mM MgCl 2 , 1 mM dNTPs, 0.01 mg BSA (Fisher Biotech), 400 nM of each primer and 1.25 U Perfect Taq Polymerase (5 Primer). Primary PCRs contained 2-5 µl DNA from tick samples and nested PCRs contained 1 µl of the primary product as a template. PCR primer sequences and conditions are available in Tables S1and S2. DNA from 'Candidatus N. mikurensis' isolated from a German I. ricinus tick and designated isolate LN5 was used as a positive control in all PCRs; resulting positive control PCR products were sequenced and included in all phylogenetic analyses. PCR products were electrophoresed through a 1-2 % agarose gel stained with GelRed (Biotium), excised from the gel and purified with the QIAquick gel extraction kit (QIAGEN) by following the manufacturer's recommendations. Purified PCR products were sequenced with both nested PCR primers on an ABI 3730 96 Capillary Sequencer using Big dye v3.1 terminators (Life Technologies).
Phylogenetic analysis
Resulting 16S, groESL and gltA DNA sequences were aligned with sequences from related Anaplasmataceae retrieved from GenBank (accession numbers are presented in Fig. 1 and Tables S3-S6 ). Sequences were aligned with MAFFT (Katoh et al., 2002) and alignments were refined with MUS-CLE (Edgar, 2004) . The most suitable nucleotide substitution model was assessed in MEGA6 (Tamura et al., 2013) and Bayesian phylogenetic reconstructions were produced from individual gapped gene alignments and gapped concatenated sequence alignments using MrBayes (Ronquist & Huelsenbeck, 2003) with the HK85 substitution model, five gamma categories, a MCMC length of 1 100 000, burn-in length of 10 000 and subsampling ever 200 iterations.
The genus-specific qPCR detected 'Candidatus Neoehrlichia' spp. in 44 (11.25 %) I. holocyclus ticks including 31 females, 7 males and 6 nymphs. Partial 16S rRNA (1264 bp), groESL (1047 bp) and gltA (561 bp) sequences were successfully amplified and sequenced from all 44 positive tick DNA samples. 16S rRNA sequences from 34 and 12 samples, respectively, were identical to 16S rRNA sequences previously putatively designated 'Candidatus Neoehrlichia sp. nov. A' (GenBank: KT803957) and 'Candidatus Neoehrlichia sp. nov. B' (GenBank: KT803958) isolated from I. holocyclus ticks (Gofton et al., 2015b) . For clarity, we herein refer to these species by their proposed names, 'Candidatus N. australis' and 'Candidatus N. arcana', respectively. All 16S rRNA, groESL and gltA sequences from positive I. holocyclus samples, and from 'Candidatus N. mikurensis' isolate LN5, were deposited in GenBank under accession numbers KU865343-KU865477.
'Candidatus Neoehrlichia australis' 16S rRNA, groESL and gltA sequences were identical among all 34 isolates, and were most similar to 'Candidatus N. lotoris' (96.2 %, 83.1 % and 67.2 %, respectively) and 'Candidatus N. mikurensis' (95.8-96.2 %, 83.8-84 % and 68.4 %, respectively). Likewise 'Candidatus N. arcana' 16S, groESL, and gltA sequences were identical among all 12 isolates, and were most similar to 'Candidatus N. lotoris' (98.5 %, 88.7 % and 79.3 %, respectively) and 'Candidatus N. mikurensis' (97.5-98 %, 89.2-90.4 % and 79.3 %, respectively). 'Candidatus N. australis' and 'Candidatus N. arcana' 16S rRNA, groESL and gltA sequences shared 96.3 %, 84 % and 67.4 % similarity, respectively (full genetic distance matrices are available in Tables S3-S5 ).
The highest 16S rRNA and groESL sequence similarity between 'Candidatus N. australis' and 'Candidatus N. arcana' and any Anaplasma spp. (16S: 92.6 % and 93 %; groESL: 70.5 % and 70.7 %, respectively) and Ehrlichia spp. (16S: 94.5 % and 95.1 %; groESL: 81.4 % and 81.3 %, respectively), was less than the minimum level of similarity within the genera Anaplasma (16S: 95.7 %; groESL: 92.7 %) and Ehrlichia (16S: 97.1 %; groESL: 87.6 %). At the gltA loci, genetic similarities of 'Candidatus N. australis' and 'Candidatus N. arcana' to Anaplasma phagocytophilum (both 59.5 %) were higher than the minimum genetic similarities within the Anaplasma genus (55.2 %) for this locus. However, the maximum similarities of these species to species of Ehrlichia (66.5 % and 67 %, respectively), were below the minimum level of genetic divergence within members of the genus Ehrlichia (75.2 %).
Bayesian phylogenetic reconstructions were performed on 16S rRNA, groESL and gltA gene sequences individually, and on concatenated alignments containing all three genes (Fig. 1) . Reconstructions on individual genes produced highly similar tree topologies and all clustered 'Candidatus N. australis' and 'Candidatus N. arcana' within the genus 'Candidatus Neoehrlichia' with high posterior probabilities (Fig. 1) . Concatenated 16S rRNA, groESL and gltA sequences from 'Candidatus N. australis' and 'Candidatus N. arcana' shared 86.1 % similarity and were 85.7 % and 91.4 % similar to 'Candidatus N. mikurensis' sequences, respectively, and 85.7 % and 91.2 % similar to 'Candidatus N. lotoris' sequences, respectively (Table S6 ). The highest genetic similarity of 'Candidatus N. australis' and 'Candidatus N. arcana' concatenated sequences to a member of the genera Anaplasma (77.3 % and 76.5 %, respectively) and Ehrlichia (83.7 % and 83.9 %, respectively) was below the minimum level of genetic similarity within these genera (80.6 % and 89.3 %, respectively) (Table S6 ).
Of the 44 ticks that were infected with either 'Candidatus N. australis' or 'Candidatus N. arcana', two ticks were coinfected with both species, as inferred by the detection of 16S rRNA sequences from 'Candidatus N. australis', and groESL and gltA sequences from 'Candidatus N. arcana' from the same DNA sample. PCR and sequencing of 16S rRNA, groESL and gltA genes was replicated three times over time to confirm the co-infection status; results were identical in each replicate.
In the current study, we have analysed partial sequences from three conserved genes totalling 2872 bp from two closley related novel 'Candidatus Neoehrlichia' species detected in Australian I. holocyclus ticks. Analysis of individual gene sequences and concatenated sequences determined with high confidence that these novel species are most closely related to, but distinct from, 'Candidatus N. lotoris' and 'Candidatus N. mikurensis'. We propose to designate the two novel species 'Candidatus N. australis' and 'Candidatus N. arcana'.
Members of the genera Anaplasma, Ehrlichia and 'Candidatus Neoehrlichia' are all tick-borne mammalian pathogens and are widespread throughout Europe, Asia, and the Americas. However, until the current study no members of these genera had been found to be endemic to Australia. Anaplasma platys, Anaplasma marginale and Anaplasma centrale do occur in tropical regions of Australia. However, these were all introduced from other continents and are only vectored by introducted tick species such as Rhipicephalus sanguineus and Rhipicephalus australis, and not to our knowledge native Australian ticks.
Ixodes holocyclus is endemic to eastern Australia and is one of the most significant Australian native arthropods from both a medical and veterinary perspective (Barker & Walker, 2014) . This is due to its high affinity for parasitizing humans and domestic animals, its high prevalence in densely populated regions of Australia, its ability to cause life-threatening paralysis in domestic animals, and weakness, paralysis, dermatological reactions, mammalian meat allergies and to transmit infections of Rickettsia spp. in humans.
To date, 'Candidatus N. australis' and 'Candidatus N. arcana' have only been detected in I. holocyclus ticks (Gofton et al., 2015a, b). However, like other Anaplasma, Ehrlichia and 'Candidatus Neoehrlichia' spp., it is likely that these organisms also infect mammalian hosts and are maintained through cycles of mammal-tick-mammal transmission. Ixodes holocyclus naturally parasitizes a range of small marsupials such as bandicoots (Isoodon spp. and Perameles spp.) and it is likely that serological and molecular investigation may detect 'Candidatus N. australis' and 'Candidatus N. arcana' in these mammalian hosts. The pathogenic significance of 'Candidatus N. australis' and 'Candidatus N. arcana ' has not yet been determined.
Description of 'Candidatus Neoehrlichia australis'
'Candidatus Neoehrlichia australis' [aus.tra¢lis. L. fem. adj, australis Southern Land, referring to Australia].
Host cell types within ticks are unknown. Analysis of gltA gene sequences reveals a 3 bp deletion at base 434 (GenBank: KU8665353) compared to 'Candidatus N. mikurensis' and 'Candidatus N. lotoris', but consistent with species of Anaplasma and Ehrlichia . It can be differentiated on the bases of 16S rRNA, groESL and gltA gene sequences.
The reference strain is HT41 R (GenBank: KU8665352-4), detected in Ixodes holocyclus ticks from New South Wales and Queensland, Australia (Gofton et al., 2015a, b) .The G +C content of 16S rRNA, groESL and gltA gene sequences is 47.6 mol%, 33.7 mol% and 31.4 mol%, respectively, and for concatenated sequences is 39.8 mol%.
Description of 'Candidatus Neoehrlichia arcana'
'Candidatus Neoehrlichia arcana' [ar.ca¢na. L. fem. adj. arcana hidden, secrete, concealed].
Host cell types within ticks are unknown. Analysis of gltA gene sequences reveals a 3 bp deletion at base 434 (GenBank: KU8665358) compared to 'Candidatus N. mikurensis' and 'Candidatus N. lotoris', but consistent with species of Anaplasma and Ehrlichia. It can be differentiated on the bases of 16S rRNA, groESL and gltA gene sequences.
The reference strain is HT94 R (GenBank: KU865447-9), detected in Ixodes holocyclus ticks from New South Wales and Queensland, Australia (Gofton et al., 2015a, b) . The G +C content for 16S rRNA, groESL and gltA gene sequences is 47.5 mol%, 33.5 mol% and 31 mol%, respectively, and for concatenated sequences is 39.3 mol%.
